This article reviews all the experimental tests carried out to analyze the performance of a FluidReflex photovoltaic concentrator. This novel concentrator concept consists of a single reflective stage immersed in an optical fluid. The presence of the fluid entails significant advantages. It not only allows a high system optical efficiency and increases the attainable concentration but also enhances the heat dissipation from the cell. In addition, the electrical insulation is improved, and the problem of water vapor condensation inside the module is avoided. A complete characterization is addressed in this paper. Among the experimental results, a measured optical efficiency of 83.5% for a concentration of 1035 x stands out.
INTRODUCTION
Concentrating photovoltaics (CPV) is one of the technologies proposed to obtain cheap solar-generated electricity. The idea behind concentration consists in taking advantage of high-efficiency solar cells and using optical systems to concentrate light on their surface. Evidently, high-efficiency solar cells are more expensive, but if the concentration level is high enough and the optics is affordable enough, the final system becomes cost competitive. CPV was proposed several decades ago mainly on the basis of high-efficiency silicon solar cells; during those years, several research centers have been working on this technology, and significant results have been achieved [1] . Nowadays, the recent development of multijunction (MJ) solar cells, whose efficiencies reach up to 43.5% [2] , together with the new situation in the energy generation markets worldwide, brings a renewed interest in CPV.
Currently, systems with different concentration levels and optical designs, based on both lenses and mirrors, are being developed, the most common configuration being the one based on using a Fresnel lens with or without a secondary optical element [3, 4] . However, the existence of such a wide variety of concepts currently under development shows that no single architecture has yet emerged as the most cost competitive. The aim of this article is to introduce a new concentrator concept as well as to present a complete experimental characterization to prove the validity of this concept.
The new concentrator, named FluidReflex, is based on a single optical stage immersed in a dielectric fluid. Previous experiences at low concentration ratios using optical fluids were carried out at the IES-UPM with successful results [5] [6] [7] , but, to the knowledge of the authors, this is the first attempt to use fluid benefits in a high-concentration module. The FluidReflex elementary unit consists of a parabolic mirror, which acts also as the rear face of the module, a high-efficiency MJ solar cell placed in its focus at the inner side of a transparent front face, and the dielectric fluid filling the volume between the mirror and the front face ( Figure 1 ). Square elementary units are placed in a grid, composing an array of elements that constitute the module.
FluidReflex uses only reflective optics to concentrate light, avoiding the limit in concentration caused by chromatic aberration in refractive systems. When a single mirror is used, the solar cell must be placed between the sun and the optics, so that if a cooling element were added next to the cell, it would cast a shadow, reducing the system efficiency. A common solution to this problem is to add a secondary mirror to redirect light through a hole in the primary mirror to a solar cell on the back surface of the module [8] (Figure 1 ). The drawback of this configuration, known as Cassegrain, arises from the fact that the light is now reflected twice, and as reflection is not ideal, light losses become more significant and optical efficiency decreases. On the contrary, in the FluidReflex concept, the fluid presence improves the thermal management within the module, avoiding the need of external cooling fins and enabling the use of a single reflective stage. Moreover, the fluid enhances the optical efficiency by reducing Fresnel losses in several interfaces, and it increases the concentration-acceptance angle product (CAP) [9] , as will be explained in detail in Section 2.
The heat concentrated in the solar cell is transported to the module walls by convection (natural or forced) and conduction in the fluid. Contrary to conventional CPV modules, where only the rear wall contributes significantly to heat dissipation, in a FluidReflex concentrator, all the walls are heated to a similar temperature and exchange heat with the atmosphere. As a consequence, there is no need of a metallic heat sink thermally connected to the cell, typically consisting of a metallic plate and optionally cooling fins. The thermal management in conventional CPV modules must include a thin electrical insulator layer that provides a low thermal drop at the same time. This is a very critical element in terms of cost and long-term reliability, which is unnecessary in the FluidReflex concept.
Another advantage of this concentrator has to do with degradation due to water vapor condensation. In conventional CPV modules, air expansion inside the module makes hermetical sealing not practical in most cases. Air and humidity exchange cycles over the day cause water vapor condensation inside when dew point is reached. However, this new concept considerably simplifies the problem. Because expansion in fluids is at least one order of magnitude lower than in gases, adding a small expansion volume is sufficient to account for it. Therefore, the FluidReflex modules may be completely sealed after they are filled with fluid, and there is no air exchange with the atmosphere. In addition, once the fluid has been proven to be harmless to the cell and the rest of the module components, it acts as an encapsulant protecting the components inside the module from degradation. Finally, some authors [10] [11] [12] have shown how the immersion of solar cells in certain fluids can improve surface passivation and increase efficiency. In the next section, the optical performance of this new concept is theoretically and experimentally analyzed. The maximum attainable efficiency and acceptance angle for different concentration ratios are shown. In order to corroborate them, several single-unit prototypes have been built. Optical efficiency, angular transmission curve, and cell positioning tolerance have been measured for different concentrations.
The results of the characterization of the optical fluid are presented in Section 3. Additionally, a deeper study can be found in [13] . The FluidReflex compact design (f-number of 0.23, which translates into a total depth of around 3 cm) requires a wide cone of light impinging over the solar cell (with the current design, the light cone semi-angle is 65°). An adequate optimization of the materials and thicknesses of the antirefiection coating (ARC) over the cell becomes compulsory to reduce Fresnel losses at the cell entrance. The method developed to optimize ARC for a wide-angle ray bundles and the experimental results for some of the ARC manufactured are briefly presented in Section 4 although a detailed description can be found in [14] . Issues regarding optics manufacturing and the method used to characterize its quality are addressed in Section 5. Finally, the effects of non-uniform irradiance distribution over the solar cell created by the mirror are also studied (Section 6).
FluidReflex thermal analysis is not covered in this work although a detailed description of modeling and experiments carried out can be found in [15] .
OPTICAL PERFORMANCE
For a rough idea of the potential of the FluidReflex concept, attainable efficiency can be compared with that of an equivalent Cassegrain configuration. In the latter, light goes through two air-glass interfaces where transmission is 0.96, and it is reflected twice (by the primary and secondary mirrors). If a reflectivity of 0.93 is assumed (which can be obtained using high-quality silver mirrors, as Figure 10 shows), the theoretical attainable optical efficiency of this system is 0.80. Antirefiective coatings in the inner side of the front transparent face and the mirrors could improve this figure but add cost to the system. In a FluidReflex configuration, only one air-glass interface needs to be considered (Fresnel losses at the glass-fluid interface are negligible because the refractive indexes of both materials are almost equal). If the same reflectivity, 0.93, is considered for the single mirror and light transmittance in the fluid is considered to be 0.98 (which has been experimentally measured for a fluid width similar to the optical path within the fluid and for the wavelengths of interest, Figure 7 ), the theoretical attainable optical efficiency reaches 0.87 in this case. It should be noted that, although this simple calculation neglects Fresnel losses at the cell entrance for both cases, they will be higher in the Cassegrain configuration (as refractive index changes from n = 1 to n ~ 4) than in FluidReflex (where it changes from n ~ 1.5 to n ~ 4). The losses at the cell entrance are covered more fully in Section 4.
The étendue conservation theorem limits the product of concentration X and the sine of acceptance angle 6 squared. This concentration-acceptance angle product, or CAP, can be understood as a figure of merit for CPV systems because maximizing the concentration will reduce the cell area, whereas maximizing the acceptance angle will reduce the assembling and tracking tolerance requirements, both decreasing the system cost. When a parabolic mirror is used, the étendue conservation leads to Equation (1) where Zand 6 are limited by an expression depending on the parabola f-number/and the refractive index of the medium surrounding the cell n.
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Two important conclusions arise from that expression. First, there is an optimum f-number that maximizes system performance (f opt = 0.5). FluidReflex design f-number at the mirror diagonal is slightly lower than the optimum (/design = 0.23), and it was chosen as a trade-off between being small enough to obtain a compact system (reducing fluid volume) and large enough to avoid significant Fresnel losses at the solar cell entrance. Additionally, the selected f-number reduces the thermal sensitivity of the optical performance (see Section 3.2). Second, the fact that there is fluid surrounding the cell multiplies the attainable CAP by n . Figure 5 shows the theoretical acceptance angle as a function of concentration for the f-number of design/ design = 0.23 and the refractive index of the fluid 1.475 (at 587.5 nm, 25 °C). Theoretical acceptance angle is defined as the maximum angular cone at the optics entrance that reaches the solar cell.
Optical characterization of the elementary unit
Several elementary-unit prototypes were built to measure the FluidReflex optical performance. They were composed of the same circular parabolic mirror (58 mm in diameter) manufactured by diamond turning and cells with different sizes obtaining different concentration ratios.
Optical efficiency was measured indoors, illuminating the concentrator with collimated light from a xenon solar simulator [16] and using solar cells previously calibrated as light sensors to determine irradiance both inside and outside the concentrator. Optical efficiency r/ opt is defined as
where the superscripts "EST" and "OUT" refer to the concentrator. That is, I^} 11 is the photocurrent of a solar cell at the output of the concentrator and í¡£ is the photocurrent of a solar cell placed next to the concentrator entrance and it represents the light going into the concentrator. Because the solar cells are used as an irradiance sensor, the values of the photocurrents generated by them under uniform illumination at one sun, /°U T (1) and /^(l), need also to be introduced in Equation (2) . /£ UT (1) was measured with the solar cell covered by a thin layer of fluid to reproduce the fact that the cell is immersed in fluid in the concentrator. In that way, the light transmission at the solar cell entrance is similar under uniform illumination and when it is illuminated by the FluidReflex concentrator. The angular distribution of the light remains different between both situations. X gs , 0 is the system geometrical concentration, which is defined as the ratio between the optics aperture A entrance and the solar cell area A cell .
The measurement setup and results are summarized in Figures 2 and 3 . For the best-performing elementary-unit prototype, an optical efficiency of 83.5% at 1035 x was measured. Furthermore, efficiencies higher than 80% were measured for concentration ratios up to 1500 x. Efficiency values experimentally measured are close to those predicted by theory in Section 2, and they are in agreement with the reflectance of the mirror, the transmittance of the fluid, and the behavior of the ARC reported in the next sections. At higher concentration levels, the spot casted by the mirror becomes larger than the solar cell, decreasing dramatically system efficiency. As Figure 3 shows, this result is in agreement with the spot size measured during the mirrors' optical characterization (Section 5). Two main developments enabled these high efficiency figures. First, a high reflectivity silver mirror was used for the prototype. Second, a bilayer ARC over the cell had been optimized for the particular angular light distribution casted by FluidReflex optics (Section 4). Given an optical efficiency of 83.5%, currently available 40% efficient MJ solar cells, and considering 5% assembly mismatch losses, a total CPV system conversion efficiency of higher than 31.5% is predicted. Angular transmission curves at different concentrations were measured, illuminating the concentrator with collimated light by using the Helios 3198 solar simulator (Soldaduras Avanzadas, S.L., Puertollano, Spain) [16] , which allows the accurate deviation of the concentrator from the incident light beam. For each deviation angle # dev between the incident light and the concentrator optical axis, the normalized optical efficiency r/"°™ is defined as /opt *7opt ("dev.
Furthermore, the luminescence inverse method [17] was used to obtain the 3D angular transmission distribution of the system at 636 x. In the inverse method, the receiver cell is forward biased to produce a Lambertian light emission, which reveals the reverse optical path of rays that reach the cell. By using a large-area collimator mirror, the light beam exiting the optics is projected on a Lambertian screen to create a spatially resolved image of the angular transmission function. The 3D distribution includes the transmission curves when the concentrator is turned around all the possible axes. Then, by intersecting the 3D distribution by a plane containing the optical axis, a particular angular transmission curve can be obtained. Figure 4 shows the angular transmission curve obtained by the inverse method for the same plane that the direct measurement was performed. In this case, because the system is reflective, •i^r^ ^^v . Angular transmission curves measured using direct and luminescence inverse method for FluidReflex elementaryunit prototype at 636X. A detailed description of the luminescence inverse method can be found in [17] .
the angular transmission curve obtained from the emission of the top and middle subcells are coincident and in high agreement with the results obtained by the direct method showing an experimental acceptance angle of ±1.25° at 636 x ( Figure 4 ). In addition, Figure 5 shows the experimental acceptance angle (using the direct method) at different concentrations. Experimental acceptance angle is defined as the deviation angle where optical efficiency is 90% of the maximum. For comparison, the same graph shows the theoretical acceptance angle derived from Equation (1). Additionally, cell positioning tolerances have been determined as part of this optical analysis because the required assembly accuracy will have a large influence on the trade-off between module performance and assembly costs. We can calculate a tolerance of ±0.6 mm in the cell's plane (X and Y axes) and ±0.4 mm in the focal distance direction (Z axis) such that the system optical efficiency drops to 90% of the maximum (comparable with the acceptance angle), for a concentration ratio of 584 x (Figure 6 ), although a system designer would most likely choose a tolerance corresponding to a smaller drop in efficiency. Note that the "M" shape of the curves seen in Figure 6 , with a reduced efficiency when the cell is centered, results from the grid-line configuration of the particular cell used for this experiment. Increasing the concentration ratio will decrease the cell positioning tolerances. It is clear from these results that the FluidRefiex concept will require relatively high assembly accuracy, although well within the level achievable with robotic placement tools.
OPTICAL CHARACTERIZATION OF THE FLUID
The presence of a dielectric fluid is the major novelty of the new concentrator, so its optical performance has to be studied. Fluid absorbance as well as refractive index variation with wavelength and temperature may be seen as potential sources of optical losses; consequently, an especial effort was made to analyze them. In this case, because ray deviation is caused by reflection and not by refraction, fluid refractive index dependence on wavelength does not limit attainable concentration. However, refractive index variation with temperature may influence system efficiency. The temperature gradient in the fluid translates into a refractive index gradient that bends the rays and deflects them from their original straight paths. Coefficient of variation d nld Thas been measured for different fluids.
A simple theoretical model to analyze ray diversion is presented to prove that this effect can be neglected. Experimental results confirm this conclusion. Other fluid properties as the thermal conductivity or reliability when exposed to solar radiation must be considered to select among the candidates. This analysis is out of the scope of this article but has been extensively investigated, and the properties and characterization of several optical fluids can be found in [13] . 
Fluid transmittance
Because subcells within an MJ solar cell are series connected, if the fluid transmittance is particularly low in any of the wavelength ranges the subcells are sensitive to, this will translate into an efficiency decrease of the whole solar cell. Fluid transmittances as a function of the wavelength were measured using a visible near-infrared spectrophotometer (VIS-NIR-1 SPECTRO 320 from Instrument Systems, Miinchen, Germany). Transmittances were measured from 350 to 1700 nm for a 5 nm interval. Figure 7 shows the transmittance measured for several fluid candidates: de-ionized water, ethanol, methanol, ethylene glycol, glycerol, isopropyl alcohol, ethyl acetate, synthetic hydrocarbon, silicone oil, and paraffin oil. The most significant transmission valleys caused by absorption in the molecule bonds are indicated in Figure 7 . The candidates containing oxygen (first six in the previous list) were discarded, as their high absorption in the infrared will cause a strong bottom subcell limitation. In addition, the long-term reliability of the fluids and their degradation due to ultraviolet radiation is currently under study [13] .
Because of its low cost, reliability, and high transmittance, paraffin oil seems one of the best candidates. However, it shows three important transmission valleys around 900, 1175, and 1450 nm. It must be remarked that the chemical structure that results in these absorption regions is common to all carbon-based polymers [13, 18] , which guarantees that if the front wall is made of plastic, absorption of both materials will be coincident reducing optical losses.
Paraffin oil absorption within the infrared region will cause a 22% reduction in the photocurrent generated by the Ge bottom subcell of a classical triple junction (3J) solar cell configuration [19, 20] . Anyway, thanks to the extra photocurrent generated by the germanium subcell under the reference spectrum, the bottom subcell will continue to photogenerate higher current than top or middle subcells [13] . The current matching in a cell illuminated by the FluidRefiex concentrator was estimated using component cells and applying the method described in [21] . As a general idea, the procedure consists in recording the evolution of the concentrator photocurrent, as the spectral distribution varies during the pulse decay in a flash solar simulator, and it allows the experimental determination of the limiting subcell for different spectral distributions of the incident light. A conventional lattice-matched 3J solar cell inside a FluidRefiex concentrator is middle limited [22] under a spectrum equivalent to reference direct normal irradiance AMI.5DG173 [23] . As expected, the top subcell limits for red-shifted spectra, whereas the bottom subcell limits for highly blue-shifted spectra. To avoid the current limitation by the middle subcell, a better spectral tuning of the solar cell must be performed by optimizing the solar cell structure or modifying the ARC over the cell. Nevertheless the spectral tuning should be performed for the spectrum that maximizes the annually generated energy rather than for the reference spectrum AM1.5DG173. 
Fluid refractive index variation with temperature and its influence on system efficiency
A consideration when designing a fluid-filled concentrator is related to the refractive index variation across the fluid when temperature is not uniform. A non-homogeneous refractive index bends rays from their original design paths and enlarges the spot size, reducing attainable concentration. To study its significance, a simple theoretical model assuming a linear refractive index gradient in the concentrator was used (details are in APPENDIX A). Figure 8 shows the relation between concentration and theoretical acceptance angle for several f-number parabolas and several temperature differences within the fluid considering a linear refractive index gradient of -0.0004 K~~ . As it was stated for the constant index case, the CAP maximizes when ^p t = 0.5. Then, as the temperature difference increases, the spot enlarges, reducing the attainable concentrationacceptance angle product. In a system with /design = 0.23, a temperature difference of 20 K (Figure 8 ) decreases the CAP that can be attained by the system in 8%. Thermal effect is less significant for parabolas with lower f-number. Consequently, the chosen f-number (/design = 0.23) will be less sensitive to this effect than the ideal one (f opt = 0.5).
Refractive index variation with temperature was measured for the different fluid candidates, obtaining results coherent with reference [13] , As an example, for the paraffin oil, the refractive index was measured to be n(T= 295 K, X = 600 nm) = 1.475 and its dependence with temperature d nld T= -0.0004 K~l. Experimental results agree with data published for similar materials [24] .
This result is experimentally confirmed by observing the evolution of the normalized optical efficiency '/apt ~ 'Jopt/'Jopt max' an d me solar cell temperature T, when the FluidReflex prototype is measured outdoors (Figure 9 ). At the very first moment, the concentrator is shadowed. Then it is suddenly uncovered, and the short- and temperature range is 15-19°C during the measurements.
Parameter "similar to AM1.5D" higher than 1 indicates that the spectrum is blue-shifted with respect to the reference, lower than 1 means it is red-shifted. It is equivalent to the "Spectral Matching Ration," which is defined in detail in [22] .
In this case, the FluidReflex compact design illuminates the cell with a wide-angle (±65°) cone of light. The second significant aspect is the fact that a low reflection must be guaranteed for all the wavelengths MJ solar cells are sensitive to (a broadband from 300 to 1700 nm). In other words, if the ARC reflectance is particularly high for one of the subcells, photocurrent limitation by this subcell will decrease the cell efficiency. Finally, the fact that the cell is surrounded by a medium whose refractive index is higher than 1, the fluid, was also taken into consideration. A numerical optimization method was developed to design a coating structure in which the thicknesses d¡ of an ARC composed of one, two, or three layers were optimized. The figure of merit, r weighted , is the ARC transmittance weighted by the actual distribution of angles and wavelengths found at the entrance of the solar cell, compared to the ideal. r weighted is calculated by integrating the transmission of all the ARC layers T(X, 8,d¡) weighted by the concentrator optical transmittance T 0 " t {XJf), the angular distribution of light impinging the solar cell L(8) (both of them obtained by ray-tracing simulations), the spectral response of each subcell SRj (X), and the spectral distribution of the light B{X). As the subcells are series connected, the minimum of the three integrals is selected to determine r weighted :
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The optical efficiency and the cell temperature are obtained using Equations (2) and (5). V oc stands for the open-circuit voltage of the cell at temperature T and at the reference temperature T 0 , whereas f} is a characteristic of the solar cell that needs to be previously measured ( Figure 13 ). Figure 9 shows how the normalized optical efficiency remains almost constant during the period in which the cell and the fluid temperature significantly vary (9:45-11:15 interval).
V oe (T)=V oc (To)+P(X^)(T-To)

ANTIREFLECTIVE COATING OPTIMIZATION FOR FluidReflex ANGULAR LIGHT DISTRIBUTION
When designing the ARC over the solar cell, we considered several important aspects. First, the angular distribution of light over the MJ solar cell was taken into account.
where N is the number of junctions of the MJ stack, that is, N= 3 for 3J cells. For the FluidReflex concentrator, if its particular light distribution is considered instead of assuming normal incidence, an increment in the light transmitted at the entrance of the solar cell of 2.4 percentage points can be obtained just by modifying the thicknesses of a two-layers ARC [14] . This can be done without significantly changing the manufacturing process, so the efficiency increment is obtained practically at no extra cost. As a next step, several ARC configurations were manufactured and characterized spectrally and angularly. The optimized two-layer ARC manufactured in Si0 2 /Ti0 2 showed a good spectral and angular performance, leading to the 83.5% optical efficiency measured for the elementary unit. A detailed description of the optimization algorithm, optimized layer thickness values, and their correspondent weighted transmissions, as well as results from the characterization can be found in [14] .
MANUFACTURING OF CONCENTRATING OPTICS
This section summarizes different issues related to FluidReflex optics manufacturing. Prototype mirrors for FluidReflex concentrator were manufactured by plastic injection, as this is a promising low-cost technology that may, in the future, enable the fabrication of the complete module rear wall (including the array of parabolas) in a single injection. Later, the injected pieces were mirrored by evaporating aluminum or silver.
Silver and aluminum mirrors
Two candidates for the mirror reflective surface are being considered. Silver and aluminum mirrors were manufactured by evaporating those materials over polymethyl methacrilate (PMMA) substrates. Reflectance was measured in flat samples by using VlS-NlR-1 SPECTRO 320 from Instrument Systems (Figure 10 ). Silver showed a higher reflectivity than aluminum for all the wavelengths except for those lower than 400 nm (this may cause a small reduction in light available for the top subcell). The reasons why silver is usually avoided in CPV modules are its low adherence [18] and its early outdoor degradation [25] [26] [27] . In FluidReflex design, silver mirrors are immersed in a fluid, so once it has been proven to be innocuous, the fluid may avoid the mirror corrosion showing an extra benefit from its presence. The long-term reliability is currently under study. Regarding adherence, both materials showed a good behavior when evaporated over PMMA.
It should be noted that the expected mirror reflectance in operation is slightly lower than measurements obtained here. The reflectance measurements shown in Figure 10 were made with the samples surrounded by air. However, in the FluidReflex concentrator, mirrors will be surrounded by a fluid whose refractive index is higher than 1. Reflectance R(X) is defined by Equation (7), where n¡(X) and k¡(Á) are the real and imaginary parts of the complex refractive index of the mirror and the surrounding medium [28] . Figure 10 shows reflectance calculated using Equation (7) for silver and aluminum mirrors surrounded by air and by a medium whose refractive index is n{X) = 1.5, similar to the fluid. Complex refractive index data for both materials were obtained from [24] . Therefore, a decrease in reflectance of approximately two absolute points is expected for both materials when they are immersed in fluid.
Plastic injected optics
Plastic injection is considered a very promising technological option for CPV manufacturing by several reasons. If sufficient optical quality is attained, this process could translate into a significant cost benefit compared with, for example, glass mirrors. More importantly, it may be possible to fabricate the FluidReflex whole module rear wall by a single injection in which all the parabolas are simultaneously obtained. PMMA was selected because it is proven to have high optical qualities such as high transmission and good shape reproducibility by injection [18] . Its high transmission for all the wavelengths of interest allows the front window to also be composed of PMMA, opening the possibility of an all-plastic module where the joints between front, lateral, and rear walls are achieved using autogenous soldering of the plastic. Also, first surface mirrors are being used at the moment, but if silver and fluid turn out to be incompatible, second surface mirrors could be manufactured, and the silver would be protected by classical methods.
The optical characterization of the injected pieces has been carried out by illuminating the mirrors with a collimated light (±0.4°) [16] and substituting the solar cell by a Lambertian diffusing surface. The spot casted by each mirror is photographed using a charge-coupled device (CCD) camera [29] . Figure 11 shows the encircled energy (EE) of the light distribution created by the injected mirrors. EE is defined as the amount of total energy contained in a circle of a certain radius. The three injected mirror samples show a very similar curve to the EE of the spot casted by a diamond turning machined mirror, differences being within the experimental error. The machined mirror can be considered as the highest attainable optical quality; consequently, the injected mirrors show a high optical quality with a low cost. For all the injected mirror samples measured, 90% of the energy is contained in a spot with 1.4 mm diameter. Figure 11 also shows the EE predicted by ray tracing when the collimation angle used in the experimental measurements (±0.4°) and the real sun collimation angle (±0.265°) are assumed. Ray-tracing and experimental differences are mainly due to the fact that no scattering is accounted for in the simulation.
NON-UNIFORMITY IRRADIANCE DISTRIBUTION EFFECTS
The parabolic mirror casts a non-uniform irradiance profile over the cell, which worsens the cell performance as compared with uniform illumination. Unlike refractive concentrators, reflective ones produce the same spectral distribution throughout the cell. Therefore, FluidRefiex optics produces a non-uniform spot in terms of irradiance but with the same spectral composition at each point of the cell, thus avoiding additional losses due to spectral non-uniformities [30] [31] [32] [33] [34] .
If there are some cell areas working at concentration levels higher than what the cell was designed for, an increase in the effective series resistance will reduce cell efficiency. At the same time, cell areas that do not receive any light will work as dark diodes absorbing electricity instead of generating it and decreasing the cell performance.
In this section, we shall study the irradiance profile of the FluidRefiex concentrator and its influence in the cell performance. Uniformity factor U is defined as
where A cell is the total cell area and A illuminated stands for the area containing 90% of the EE defined in previous section.
As an example case, if a 2.3-mm-diameter cell is used for the optics described earlier (geometrical concentration 636 x) and taking into account that the spot diameter is around 1.4 mm, the uniformity factor results as low as 0.37.
The masks method described in detail in [29, 35] has been applied to estimate cell-efficiency worsening due to non-uniform illumination. An extensive set of measurements on circular MJ solar cells (with diameters between 1.1 and 2.4 mm) from different manufacturers was carried out. Masks with different illumination factors producing a pill-box profile were manufactured by photolithography. I-V curve of the cell covered by every mask is compared with the I-V curve of the solar cell uniformly illuminated to estimate efficiency losses due to fill factor decrement. The short-circuit current, as a measurement of the photocurrent, is kept equal to assure the same effective concentration in both compared measurements. Figure 12 shows losses at an effective concentration of 500x for three different MJ solar cell manufacturers. Horizontal axis (and the masks schemes below it) shows the uniformity factor. The measurements indicate that for two out of the three manufacturers analyzed, MJ solar cell technology losses due to non-uniformity are in the range of the experimental error (±2) for uniformity factors as low as /7=0.4.
The effect of non-uniform illumination on MJ solar cell thermal behavior has also been analyzed. By using the same flash solar simulator and a temperature controlled plate, the solar cell I-V curve was recorded at different temperatures both uniformly illuminated and when covered by non-uniformity producing masks. By using measurements at different temperatures, the V oc dependence with temperature is calculated by Equation (10) . Measured /? values are coincident with that reported on the literature [36] [37] [38] [39] and do not seem to be appreciably influenced by the illumination uniformity. For these measurements, the effective concentration X eff is defined as the ratio between the short-circuit current under concentration / sc to the short-circuit current under one-sun illumination / sc (l) (Equation (9)). 
P( X -
refractive index dependence with temperature has been proven to be a drawback with no significant implications. Because this new concept seems very promising as a means to obtain cheap photovoltaic electricity, future work will be directed towards translating the concept into an entire module. Some of the foreseen difficulties are related to maintaining the high optical quality of the mirrors while injecting an array instead of a single unit and keeping assembly errors small enough to avoid significant mismatch losses. In addition, accelerated degradation experiments must be carried out to guarantee the long-term reliability of the materials, or their combinations, that have never being used in photovoltaics before. Figure 13 shows f} as a function of the effective concentration for the particular MJ solar cell that was used to manufacture the FluidReflex thermal prototype, both for uniform illumination (U= 1) and a uniformity factor [/=0.2. This information will allow V oc variations to be used as a thermometer to determine cell temperature in operation.
CONCLUSIONS AND FUTURE RESEARCH LINES
A new concentrator concept based on a single reflective stage immersed in a fluid dielectric that illuminates an MJ solar cell has been presented. An extensive set of experimental results prove that there is no fundamental reason that prevents the practical realization of the concept. The high optical performances predicted by theory were shown to be attainable in practice. In particular, a high optical efficiency of 83.5% at 1035x was measured simultaneously to a ±0.92° acceptance angle. This result has been possible mainly due to two aspects: first, the manufacturing of a bilayer antirefiective coating specifically designed for the wide-angle ray bundle created by FluidReflex concentrator and, second, the high reflectivity of the mirrors obtained by silver evaporation. In addition, the first experimental results foresee the possibility of manufacturing this efficient concentrator by using a low-cost technology: plastic injection. With respect to the most innovative element of the concept, the fluid, different suitable candidates have been identified, and the fluid
